Shedding light on the nature of surface barriers of nanoporous materials, molecular simulations (Monte Carlo, Reactive Flux) have been employed to investigate the tracer-exchange characteristics of hydrocarbons in defect-free single-crystal zeolite membranes. The concept of a critical membrane thickness as quantitative measure of surface barriers is shown to be appropriate and advantageous. Nanopore smoothness, framework density, and thermodynamic state of the fluid phase have been identified as the most important influencing variables of surface barriers. Despite the ideal character of the adsorbent, our simulation results clearly support current experimental findings on MOF Zn (tbip) where a larger number of crystal defects caused exceptionally strong surface barriers. Most significantly, our study predicts that the ideal crystal structure without any such defects will already be a critical aspect of experimental analysis and process design in many cases of the upcoming class of extremely thin and highly oriented nanoporous membranes.
Introduction

1
The current prospect of increasing usage of fossil fuels in conjunction with the ongoing research 2 on carbon dioxide sequestration excites interest in processes employing nanoporous materials as 3 catalyst or separation medium in order to open alternative routes to existing technologies. Carbon
Methodology
23
For the sake of brevity and because most of the methodology was adopted from our previous 24 work, 8 this section focuses on the zeolite structures studied and reiterates the concept of a critical 25 membrane thickness as an assessment of surface barriers 8, 11 (question one from the Introduction).
26
In short however, the framework of dynamically corrected transition state theory was employed 27 where Monte Carlo simulations in the NVT ensemble (NVT-MC) provided residence histograms 
31
Zeolites
32
Two zeolite structures featuring one-dimensional pore systems (AFI, LTL) and a structure with 33 a 3D pore network (MFI) were studied whereby all zeolites were purely siliceous (SiO 2 ). The 34 major difference between the AFI and the LTL structure is the larger cage-to-window ratio of the 
37
The crystal structures were taken from Ref. 13-15 and, if necessary, converted to purely siliceous 38 structures. 16 The AFI and LTL unit cells accommodate in total four and two cages, respectively, 39 whereas four intersections of straight (y direction) and zigzag (x-z) channels are found in a single 40 MFI unit cell (Figure 1 ). The zeolite atoms were kept fixed at their crystallographic positions be-41 cause framework flexibility in the sense of a dynamic effect (e.g. breathing window) does not have 42 any significant influence on adsorption and diffusion in zeolites. 17 However, diffusion coefficients 43 may be quite sensitive to subtle differences in the time-averaged crystal structure in consequence 44 of a flexible zeolite lattice 16, 18, 19 for which reason the rigid-lattice assumption used in this work 45 seems to be justified. 17 46 As in our previous study, the zeolite crystal slabs consisted of full unit cells and fractional, 47 concluding unit cells at the outer surface, and the slabs were centered in the simulation box. In 48 each case two different external surfaces were investigated. The AFI and LTL pores were cut 49 such to let the pore windows (left) and cages (right) terminate the pores which run along the z 50 direction (Figure 1 top and center) . As for MFI, the single-crystal membrane was aligned along 51 the straight channels (y direction), because the flux is maximal in this direction. 1, 7 The MFI unit 52 cells were cut at fractional coordinates of 0.125 and 0.73. This yielded a left surface that exhibits 53 tighter "canyons" for guest molecules to enter the zeolite in comparison to the right surface which 54 is rather flat giving quite direct access to the straight channels (Figure 1 bottom) . 
Assessment of Surface Barriers
69
The problem arising with the assumption of zero surface barriers may be demonstrated, in a de- 
with D S the (true) self-diffusion coefficient and L = (δ /2)α/D S ; γ i are the positive roots of
The surface permeability, α, is a measure for the mass transport rate at the sur- incorporation of an error due to the inadequate use of the no-surface-barrier boundary condition.
91
The main message of Figure 2 is that there exists a certain membrane thickness for which ones. To calculate an estimate of this thickness, δ crit , on the basis of molecular simulation data, we
where λ denotes the cage and intersection separation, respectively, i.e. the characteristic length of 96 a single diffusion event. As can be seen from Figure 2 and Supporting Figure 5 , the effective self-97 diffusivity will always be a factor of 3.6 to 4.5 smaller than the true one, as far as a membrane of 
Results
104
We will now, on the basis of our simulation results, address to the second question from the In- 
One-Dimensional Pores
111
The critical membrane thicknesses of n-alkanes and n-alkenes adsorbed in all-silica AFI single- have some influence on the critical thickness (cf. Supporting Figure 10 ).
145
The two most striking facts about the LTL results are that the critical thicknesses are roughly were aligned along the maximal flux direction, 7 the worst case for the surface barriers is probed.
158
Investigating MFI membranes along the x or z coordinate will result in smaller critical membrane surface and large intracrystalline diffusion barriers can be observed for MFI.
169
The magnitude of the critical thickness in MFI-membranes is strikingly sensitive to the trunca- Table 3 ).
181
Defining T ref ≡ 1.05 · T crit , the ratio of the critical membrane thickness at any temperature rel-
182
ative to the one at the reference temperature (i.e. the enhancement) reduces to
with P ‡ i denoting the residence probability at the barrier ( ‡) i. Instead of correlating this enhance- 
where R denotes the universal gas constant and a and ∆H ads,0 are parameters that describe the linear 188 relationship between molecular chain length, n, and heat of adsorption, ∆H ads . From the defini- 
199
The dimensionless Henry coefficient can be written as
where c zeol and c gas are the average concentrations in the adsorbed (zeolite) phase and in the 201 bulk gas, respectively. Residence probabilities, P, are directly proportional to concentrations. The 202 average concentration in the zeolite, c zeol , can be approximated with the probability at the intra-203 crystalline free-energy well (P zeol ) because, there, the molecules spend most time. The functional 204 relationship between free energy and residence probability is given by β F = − ln P +const. Hence,
205
the difference between free energy in the gas and inside the zeolite is β (
hand side of inset in Figure 6 ). Neglecting any structural details of the zeolite membrane and barrier is comparable to the barrier at the surface just in front of the pore mouth, i.e. the barrier 212 experienced by gas molecules trying to enter from the bulk gas. provides an additional indication of the importance of the rough mean field between bulk 226 gas and zeolite space on surface barriers, as has been discussed in the previous section.
227
Interestingly enough, both conclusions can, at least from a conceptual view, be exploited in regard 228 of "material tailoring" to decrease surface barriers by choosing less smooth pores in highly porous 229 hosts.
230
Although both the molecule type (alkane vs. alkene) and the chain length have very little impact 231 on the strength of surface barriers, an interesting conclusion can be drawn regarding the mobile 232 species. The bulk fluid state of the here studied hydrocarbons was gaseous. As we have shown, the 233 more the critical pressure is approached, the more the impact of surface barriers decreases because 234 the fluxes and thus the transport resistances in the boundary layer and in the zeolite become equal. 
245
The gained insights confirm current experimental breakthroughs by the group around Kär- have had a significant impact on the transport limitation and, hence, on the apparent reaction rate. ... ... 
